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We have used x-ray photoelectron spectroscopy and Auger electron spectroscopy to
examine the characteristics of oxides on two types of quasicrystalline Al-Cu—-Fe
samples. One type was formed by consolidation of powders, resulting in multiple
grains with random surface orientations. The other was a single grain, oriented to
expose a fivefold surface. Both were oxidized to saturation in a variety of
environments at room temperature. We measured the elemental constituents that
oxidized, the extent of oxygen-induced Al segregation, and the depth of the oxide.
Under the conditions of our experiments, there was little, if any, significant difference
between the two types of samples. Hence, surface orientation and bulk microstructure
played little or no role on the final state of the oxide under these conditions.

Surface properties of quasicrystal®are currently un-  dation characteristics of two samples. The first is a
der active investigation, both from the point of view of single-grain sample, oriented to expose a fivefold sur-
basic science and from the perspective of potential apface—chosen because the fivefold surfaces of icosahe-
plications’® In the context of basic science, it is inter- dral quasicrystals are generally the most stable, hence the
esting to ask whether the surface remains quasicrystallin@ost abundant in nature. The second sample is a mono-
and whether the surface morphology is intrinsicallylith formed by consolidation of a fine powder. Within the
smooth or rough. From the perspective of potential latter sample, many grains are exposed at the surface,
applications, surface properties may be importanwith random orientation; furthermore, there are many
for the reportedly low friction and low adhesion boundaries between the grains. Hence, this comparison
characteristic$®—22 should reveal the role (if any) of surface orientation and

One broad question, which impacts both basic andbulk microstructure in surface oxidation.
applied arenas, is whether orientation and microstructure Specifically, we focus on the icosahedral (i) quasi-
can influence surface properties. Our goal in this paper isrystal Al-Cu—Fe. We use two experimental techniques
to focus on surface oxidation under select conditions an¢h ultrahigh vacuum. The primary technique is x-ray pho-
to answer this question. We do this by comparing oxi-toelectron spectroscopy (XPS), and the secondary tech-
nigue is x-ray-induced Auger electron spectroscopy
(XAES). We determine which elements in the alloy oxi-
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defines the extent to which the broad issue of surfacare Algs 4.0 £ 0z0 €12 6105 and Aks LCu, Fes
guasicrystallography is addressed here. for the single-grain and HIPed samples, respectively. Pow-
Previous work has shown that i-Al-Pd—Mn and i-Al- der x-ray diffraction is consistent with expectation for bulk
Cu—Fe tend to form a passivating layer of pure, or nearlyjuasicrystallinity in both types of sampl&$3® Both
pure, aluminium oxidé332 The oxide depth is about samples are polished, and then sputter-annealed in ultrahigh
the same as that formed on pure Al. Previous workvacuum P = 4 x 10*° torr), prior to oxidatior?>3* For
has also shown that increasing humidity® and in- comparison, some data are acquired on an Al(111) single
creasing pressufé present increasingly aggressive crystal, which is also sputter-annealed.
oxidizing environments, resulting in more elements oxi- Three oxidizing environments are used: vacuum, “nor-
dized, more extensive Al segregation, and/or thickemal” air, and liquid wateP**3In vacuum, the oxidant is
oxide layers. These trends are also reproduced in th@9.99% pure oxygen gas. Because the oxygen is supplied
present work. through a directional doser, oxygen pressure at the
Experimental conditions are described else-sample is not known but must be greater than about
where?8-31:333%n prief, the single-grain sample is pre- 3 x 10°® torr and is probably lower than I®torr. The
pared by cyclic heat treatmefft->® The multiple-grain  intermediate environment is “normal” air. This is a
sample is prepared by hot isostatically pressing (HIPingsample box in atmosphere with Cag@esiccant. The
spherical gas atomized powders having a nominal sizevater-rich environment is liquid water. To be placed in
range between 25 and 45 microns in diameter. Note, thiquid water, the sample is removed from the UHV cham-
as-atomized powders contain grains which are in théer under N and immersed in micropore-purified,8.
typical range of 1-5 microns; moreover, this grain size isEach of the three types of oxidized surfaces is passivated;
retained in the fully dense HIPed sampféghere is no i.e. it does not react further in its specific oxidizing en-
detectable porosity in the HIPed monoliths. The grainvironment, as far as XPS and XAES can tell.
size is to be compared with an analysis area of about Elsewhere, we have presented data for the pure ele-
2 mn? in XPS and XAES. Hence, the XPS and XAES ments and determined the key signatures of oxidation
analyses average over millions of grains, with randormmunder our experimental conditions. As a baseline, the
orientations, in this sample. The preexisting powdergpeak positions of the pure, elemental metals, indicated by
are marked by oxygen-rich boundaries. However, thissertical dashed lines in Fig. 1, are 117.9 eV for the Al 2s
oxygen can be depleted from the surface and near-surfatiee in XPS, 707.0 eV for the Fe 2p line in XPS, and
regions by sputtering and annealing to the point that n®18.1 eV for the Cu kM, M, 5 transition in XAES.
oxygen is detectable in XPS or XAES. (See top row,(Note that peak positions are given as binding energies
Fig. 1) The compositions, determined from inductively for the XPS lines and as kinetic energies for the XAES
coupled plasma atomic emission spectroscopy (ICP-AES)ines.) The signatures of oxidation under our conditions

Single-grain Al-Cu-Fe HIPed Multi-grain Al-Cu-Fe Powder
. XPS XAES XPS XAES
Cu2pgy, Fe2p,, Al2s Cu LM, Cu2pg, Fe2p,, Al 2s Cu MM,
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FIG. 1. XPS and XAES spectra of Al, Cu, and Fe after various treatments, at an emission angle of 45°. Within each column, the vertical dashed
line shows the average peak position for the clean surface of the pure metal constituent, measured in our laboratory. Spectra are not smoothed.
A horizontal background is subtracted from each XPS curve, and the curve is then normalized to the peak height of the clean surface. For instance,
the Cu 2p peaks are all scaled to the top one. The Auger data are shown in the N(E) mode. Note that peak positions are given as binding energies
for the XPS lines and as kinetic energies for the XAES lines.
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are the development of a new peak at 120.5-121.0 eV fagxceeds 96% and the concentration of the other metals
the Al 2s line in XPS, a new peak at 710-712 eV for thefalls below 3%.
Fe 2p line in XPS, and the development of a new peak at There has been some question about whether vacuum
916.0 eV for the Cu kM, M, 5 transition in XAES. oxidation at room temperature can cause segregation of
(The Cu 2p,, line is also shown in Fig. 1, although it is Al.** Table | shows that this effect occurs unambigu-
not sensitive to oxidation in these experimetisElse-  ously for the single-grain sample. The change in Al con-
where, we have shown that the minor components, Cgentration, in going from the clean surface to the
and Fe, are more likely to oxidize in the form of pure vacuum-oxidized surface, is statistically significant (with
elements than as components of the aflby® Presum-  95% confidence) for the single-grain sample (6167%
ably, they are protected in the alloy by preferential oxi-Al) but not for the multigrain sample (65. 70% Al).
dation of Al, an effect that is observed also in some othefThis is true even though the magnitude of the change in
Al-containing alloys®’—3° the average values is about the same (6 versus 5 at.%),
Figure 1 illustrates which components of the alloy oxi- because the confidence limits are narrower for the single-
dize. The top rows of Fig. 1 show the XPS and relevangrain sample. This disagrees with earlier results where no
XAES data for the clean single-grain and multigrain surface segregation of Al was reported after vacuum oxi-
samples, respectively. Going down a single column irdation at room temperatufé:** Pressure plays a role in
Fig. 1 represents a progression from a clean surface idetermining the conditions under which an aluminium
vacuum, to a surface, which has been oxidized iroxide film can fornf* and may account for some of the
vacuum, to normal air, to liquid water. This progressiondiscrepancy with previous results.
causes increasing attenuation of the Fe and Cu signals, The final quantity for comparison is the oxide depth,
relative to the Al. This attenuation can hamper the abilitywhich we determine in two ways. The first is the fixed-
to detect oxidation of Fe and Cu. angle method of Strohmeié?, and the second is the
The results in Fig. 1 are very similar for the two quasi-variable-angle metho#® Details are given else-
crystalline samples. For both, Al oxidizes under all con-where?®-3*33The two approaches are semiindependent,
ditions studied here. Copper is protected from oxidatioralthough both rest upon calculation of the inelastic mean
by the passivating layer, and Fe is protected also excefitee path of the Al 2s photoelectrons in the oxide.
possibly in liquid water. The results are shown in Table II. Comparing values in
It is known that oxidation causes surface segregatiotthe left and right columns serves to compare results from
of Al,%*~32changing the composition measured with XPSthe two XPS techniques. It can be seen that there is
or XAES. Such compositions are depth-weighted averagreement, with 95% confidence, in all cases. This serves
ages over the to1100 A of material. The results are as some validation of the techniques. Comparing single-
shown in Table |. For both samples, oxidation causes thand multigrain values for given conditions (i.e., making
expected enrichment in Al, with depletion of Cu and Fe.comparisons within columns) should reveal whether the
These effects become more marked as the oxidizing emicrostructure of the sample plays a major role in this
vironment becomes more severe. After the harshest treagispect of oxidation. This comparison shows that depths
ment, water immersion, the surface concentration of Alare the same after vacuum oxidation, perhaps 20%
thicker on the single grain after air oxidation and perhaps

TABLE |. Surface and bulk compositions, measured by XPS and20_30% thinner on the single grain after liquid immer-
ICP-AES, respectively. The number of measurements is given by SION- These values could also be affected if the roughness

The starting point for each surface measurement is a clean, sputter-

annealed surface, which is then treated as indicated. Statistical uncer- . . .
tainties are 95% confidence limits. TABLE II. Oxide thicknesses on the quasicrystals. The number of

measurements is given loy The starting point for each surface meas-

Environment/sample n % Al % Cu % Fe urement is a clean, sputter-annealed surface, which is then oxidized at
room temperature. Statistical precisions are calculated as 95% confi-
Bulk (from ICP-AES) dence limits.
Single grain 4 63.4+0.4 24.0+0.9 12.6 £0.5
Multigrain 1 65.7 222 121 Environment Variable angle method: Fixed angle method:
Surface, clean in vacuum and phase n oxide thickness (A) n Oxide thickness (A)
Single grain 13 61+23 26+1.2 13+2.6
Multigrain 8 65+1.8 26+3.0 9.2+2.0 1. Vacuum Q
Surface, oxidized in vacuum Single grain 3 46+0.9 3 54+10
Single grain 3 67+2.0 22+1.1 11+2.0 Multigrain 3 55+0.5 3 47+10
Multigrain 3 70+3.0 22+23 7.7+1.1 Al(111) 1 5.6 1 52
Surface, oxidized in normal air 2. Normal air
Single grain 3 83+1.1 83+1.1 8.3+2.3 Single grain 3 25+6.5 3 27+3.0
Multigrain 3 88+1.1 73+11 5.0+0.0 Multigrain 3 19+4.1 3 21+05
Surface, oxidized in water 3. Liquid water
Single grain 6 97+1.0 15+1.1 1.2+0.8 Single grain 3 61+6.9 6 67 +5.6
Multigrain 2 9+14 00 1.0+1.4 Multigrain 2 86+9.6 2 86+4.3
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is significantly different on the two types of samples. 11
Thus, the depth and/or roughness of the oxide may.,
depend to a small extent upon whether the surface is

i ) iqrai i i 13.
single- or multigrain. The differences after air and water;; Dubois. S 8. Kang. and Y. Massiani, J. Non-Cryst. Solids

treatments are not entirely convincing, however, because
they are not systematic.

For reference, some data for Al(111) are also shown ing
Table Il. The oxide which forms on this single crystal is
about the same depth as that which forms on both of th
alloy samples, in vacuum. This is in agreement with our

earlier conclusions that the oxidation chemistry of thel8-

quasicrystalline alloys at room temperature is dominated

by the chemical composition (the Al content) and not thel9.
20.

atomic structuré?
In summary, the oxidation chemistry is very similar
for two different types of samples: a single grain of this

icosahedral alloy, oriented to expose a fivefold surfaceps.
and a multigrain sample, consisting of consolidated par22.

ticles. This suggests that surface orientation is not a key,
issue in the oxidation of these samples. It also suggests
that the microstructure of the bulk sample—the density

of interfaces between grains—does not play a major roleq.

in these oxidation characteristics. The broader suggestion
is that studies of one type of surface can be taken as a

reasonable indication of the behavior of the other typees.

of surface.

These generalizations are limited, of course, to this
specific experimental design, in particular to the icosa-
hedral AlI-Cu—Fe alloy, to the conditions of oxidation
explored, and to the technique used primarily to charac-
terize the oxides (XPS). It is possible that differences,,
could be discovered if different techniques were used, if

oxidation were carried out at elevated temperatures, or #8-
29.

kinetics were measured rather than final states.
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